OBJECTIVES: The maintenance of a good surgical view is mandatory in video-assisted thoracoscopic surgery (VATS). For routine segmentectomy, it is necessary to re-inflate the lung in order to identify the intersegmental line. However, such re-inflation can occasionally obstruct the surgical view. Infrared thoracoscopy (IRT) with indocyanine green (ICG) can reveal the intersegmental line based on blood flow differences, without the need for lung re-inflation. The purpose of this study was to confirm the usefulness of IRT with ICG for VATS.
INTRODUCTION
The development of instruments, especially in the field of endoscopy, has increased the success rate of video-assisted thoracoscopic surgery (VATS). Compared with thoracotomy, VATS is minimally invasive and this is a major advantage [1, 2] . Okada et al. [3] described radical hybrid VATS segmentectomy to treat lung cancer and reported a complication rate of 9.8% and a cancer-free 5-year survival rate of 84.7%. Other studies have reported the usefulness of segmentectomy to define margins in patients with early-stage lung cancer [4, 5] . Segmentectomy has been found to be better than lobectomy for residual lung function [6] . VATS segmentectomy affords a shorter length of stay and lower morbidity compared with open approaches [7] . These previous reports indicate that VATS segmentectomy is a reasonable method for some types of early-stage lung cancer, but VATS only allows a limited monitor view, and segmentectomy requires a multilateral view, especially when a segmental fissure is created. For VATS segmentectomy, a clear surgical view is important. We have reported a method of identifying the segmental fissure using infrared thoracoscopy (IRT) with indocyanine green (ICG) [8, 9] . This method can delineate the segmental fissure according to the degree of blood flow without re-inflating the lung. The lung is kept in a deflated state, which is safer for the patient and facilitates the segmentectomy. The purpose of this study was to confirm the usefulness of IRT with ICG for VATS.
MATERIALS AND METHODS
The institutional review board of the University of Kagawa approved the present study. Informed consent was obtained from all patients after the risks and benefits of the proposed surgery had been explained by their surgeons. the emission spectrum of ICG peaks at 830 nm in plasma [10] . The infrared light is directed to the surface of the lung from the light source through a special filter, and the reflected light is detected by a CCD camera. The signals form images according to the set-up transducer on the monitor. If there is no ICG in the blood flowing to the lung, then the tissue remains unchanged on the monitor (Fig. 1B) . ICG is injected into the blood via a peripheral vein. If the tissue receives cardiac output, the appearance of the tissue is affected by ICG. Absorption appears as a blue colour on the monitor (Fig. 1C) , whereas emitted light appears as increased luminance. In this way, it is possible to use IRT with ICG to observe blood flow to the lung.
Patients
A single-institution, non-randomized, retrospective study was conducted in 45 consecutive cases of planned anatomical segmentectomy between October 2008 and September 2011. One patient who was converted to lobectomy because of the margin was excluded. Thirteen patients who were treated after January 2010 underwent VATS segmentectomy using IRT with ICG. These patients reported no iodine or ICG allergies. The other 31 cases had anterolateral thoracotomy. One case was converted from VATS to thoracotomy because of a technical problem. Our general criteria for removal of the chest tube were the absence of an air leak and pale bloody drainage of <200 ml/day and the criterion for discharge was a clinically stable condition the day after chest tube removal. Mortality and morbidity were defined based on events occurring within the first 30 postoperative days. Complications were counted as Grade 2 or more according to the National Cancer Institute Common Terminology Criteria for Events (NCI-CTCAE), version 4.0 [11] . These data were collected in January 2012 from medical records along with laboratory and radiographic findings.
Surgical procedure
All patients underwent a preoperative work-up by computed tomography (CT; Aquillion64, Toshiba Medical Systems Co., Tochigi, Japan) scanning. CT images were three-dimensionally (3D) reconstructed to obtain the detailed anatomy of the pulmonary vessels. We obtained tactile images of the relationship between the target segments and the dominant pulmonary vessels and tumour. We decided to apply segmentectomy in the preoperative staff meeting based on the consensus of a number of surgeons. In the operating room, the surgeon could check the anatomical structures on a dedicated monitor. The patients were placed in the decubitus position under intubation with a doublelumen tube. The 10-mm camera port was placed in the seventh intercostal space in the middle axillary line. The second 10-mm port was placed in the sixth intercostal space near the scapula. The 3-to 4-cm access port was placed in the fourth intercostal space in the anterior axillary line. The main port applied a lap protector (Hakko Co., Ltd, Nagano, Japan) without rib spreading. The thoracotomy cases were performed by anterolateral incision, preserving the latissimus dorsi, splitting the anterior serratus muscle and cutting the fourth or fifth intercostal muscle with a rib spreader. The dominant pulmonary arteries were identified during preoperative evaluation, and the surgeon judged the blood supply of the target segment to be divided. The patients had ICG 3.0 mg/kg injected into a peripheral vein for observation of the lungs under infrared light after the dominant pulmonary arteries were ligated. Two patients had ICG 0.5 mg/kg injected as a trial dose to reduce the amount of ICG. On the monitor, the appearance of the lung gradually changed in the areas with normal blood flow, whereas areas that did not have blood flow remained pale. The boundary line between the two colour areas was then marked on the visceral pleura with an electrocautery. The dominant bronchi were divided, and the veins were divided as needed. We used a stapling technique with parenchyma division during the segmentectomy.
Statistical analysis
All statistical analyses were performed using Statistical Package for the Social Sciences for Windows, version 20.0.0 (IBM SPSS, Chicago, IL, USA). A Mann-Whitney U-test was used to compare differences in continuous variables between the two groups. Fisher's exact test was used to compare differences in dichotomous variables between the two groups. Two-tailed values of P < 0.05 were considered significant.
RESULTS
The patients and tumour characteristics are described in Table 1 . VATS segmentectomy was completed in 6 male and 7 female patients; their mean age was 70 (range, 56-83) years. Twelve cases were primary lung cancer, and 1 was infectious disease. The average tumour size during VATS was 1.4 (range, 0.5-4.5) cm, which was smaller than the value of 2.4 (range, 0.7-8.5 cm; P = 0.016) recorded in the thoracotomy group. There were no significant differences in age, sex or primary disease between the two groups. Identification of the segmental fissure was possible in 11 (84.6%) of the 13 patients using IRT with ICG in VATS. The thoracotomy group included 18 patients in whom IRT with ICG was used, and the segmental fissure could be identified in 17 (94.4%) of these 18 patients. The 13 remaining patients underwent conventional segmentectomy using the re-inflation method for identifying the intersegmental border. The mean operation time was 191 (range, 120-339) min, and the mean bleeding volume was 64 (range, 0-208) ml. The mean duration of drainage was 2.8 (range, 1-6) days. The mean hospital stay was 8.5 (range, 4-16) days. There were no significant differences in operation time, bleeding volume or duration of drainage between the two groups ( Table 2 ). Complications occurred in 2 (15%) of the 13 patients.
Two patients in the VATS group had a case of pulmonary fistula that required pleurodesis (Grade 2). In the thoracotomy group, 5 (16%) of 31 patients had complications. Three patients had pulmonary fistula that required pleurodesis (Grade 2), and 2 had hypoxia (Grade 2). There was no significant difference in morbidity between the two groups. No patients died during the hospital stay. There were no complications resulting from IRT with ICG.
DISCUSSION
The maintenance of a good surgical view is mandatory in VATS. For routine segmentectomy, it is necessary to re-inflate the lung to identify the segmental fissure for anatomical resection in order to avoid perioperative complications, such as bleeding, haematoma and small bronchial fistula. However, such re-inflation can occasionally obstruct the surgical view, particularly in VATS. Furthermore, it is impossible to prepare the lung for re-inflation with the fingers and blunt dissection in VATS [12] . Our goal was to identify the segmental fissure without obstruction of the surgical view.
We previously performed thoracotomy in both animal and clinical studies and demonstrated that the anatomical intersegmental border could be identified by IRT with ICG without re-inflation [8, 9] . In this study, we verified that VATS segmentectomy using IRT with ICG to precisely identify segmental fissures can be satisfactorily performed, compared with conventional segmentectomy. There were no differences in perioperative factors or mortality and morbidity between the two groups. Furthermore, we found that VATS segmentectomy produced the same outcome as thoracotomy. We achieved accurate identification of the segmental fissure in 84.6% of the patients in the VATS group. Although both cases in which the segmental fissure could not be identified were VATS patients, the problem may not be related to VATS. IRT with ICG has a few problems that need to be resolved, including the limitation that the ICG doses are large and emphysematous lung tissue tends to stain less than normal lung [8, 9, 13] . However, we tried to reduce the ICG dose by investigating the minimal amount needed to detect the segmental fissure. The reduced dose may have been a factor in the difficulty in observing the segmental fissure in 2 cases who underwent VATS. Furthermore, another case whose segmental fissure could not be observed by IRT thoracotomy had severe emphysema. More cases are required to verify the true success rate of this method for use in VATS. We are also investigating another method of observing segmental fissure using IRT with ICG in order to try to reduce the dose of ICG [14] . Many authors have reported on techniques to perform segmentectomy with VATS [3, 4, 7, 15] . There are restrictions on the use of VATS because of the limited 2D monitoring view, and segmentectomy is occasionally more technically demanding than lobectomy. We identified the dominant artery to the target segment based on 3D reconstruction of CT images prior to the operation [9] . Other authors have also reported the usefulness of 3D CT in segmentectomy [16] [17] [18] . For segmentectomy, it is essential to perform adequate preoperative evaluation. The goal is to maintain a clear surgical view and to locate the actual segmental fissure.
The limitations of this study include its retrospective design and small sample size. It was a single-centre study, and IRT with ICG requires a special system for the delivery of infrared light. If the system becomes widely used, we plan to conduct a multicentre study in the future. The amount of ICG given and the IRT system were not fixed, as it was important to empirically search for the optimal dose and system parameters. ICG is stable in the serum and confined to the intravascular compartment, because it has a high molecular weight and is highly bound to serum proteins. Furthermore, ICG is cleared by rapid hepatobiliary extraction within 24 h [10] . In the past several years, there are some reports of the use of ICG doses of up to 5 mg/kg [19, 20] . However, there is a report of 3 cases with anaphylactoid reactions to ICG, which may have been due to a dose-dependent pseudoallergic mechanism [21] . We tried to reduce the dose of ICG to improve the safety and to decrease the cost of the procedure. The plasma clearance of the ICG is biphasic. There is a rapid initial phase with a half-life of 3-4 min and a secondary phase with a half-life of >1 h at low concentrations [10] . Although the observation duration varied from 3 to 5 min, this was enough time to observe and mark the visceral pleura. If we can discriminate lung blood flow in the secondary phase, we will be able to extend the duration.
There is some concern for the clinical application of our new method. Regarding the instruments, we did not have to use any new devices except for the IRT system, and we could perform the operation with the usual equipment. The manipulation of the IRT system was not different from that of the conventional thoracoscope. Regarding the operation time, we were able to observe the boundary line within 13 (range, 8-18) s of injection of ICG, and the mean observation duration was 3 min 30 s [14] . Our new method does not require more time compared with the conventional re-inflation method.
In conclusion, VATS segmentectomy is a complicated technique due to its limited view, but IRT with ICG can provide a clear surgical field by maintaining the deflated state of the lung and achieve a high rate of identification of the segmental fissure. The method should improve patient safety and allow more precise VATS segmentectomy.
